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An experimental study of the structure of round buoyant turbulent plumes was
carried out, emphasizing conditions in the fully developed (self-preserving) portion
of the flow. Plume conditions were simulated using dense gas sources (carbon dioxide

Professor.
Fellow ASME

and sulfur hexafluoride) in a still air environment. Mean and fluctuating mixture
fraction properties were measured using single-and two-point laser-induced iodine

fluorescence. The present measurements extended farther from the source (up to
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151 source diameters) than most earlier measurements (up to 62 source diameters)
and indicated that self-preserving turbulent plumes are narrower, with larger mean
and fluctuating mixture fractions (when appropriately scaled) near the axis, than

previously thought. Other mixture fraction measurements reported include proba-
bility density functions, temporal power spectra, radial spatial correlations and
temporal and spatial integral scales.

Introduction

Scalar mixing of round buoyant turbulent plumes in a still
environment is an important fundamental problem that has
attracted significant attention since the classical study of Rouse
et al. (1952). However, recent work suggests that more infor-
mation about the turbulence properties of scalar quantities
within buoyant turbulent flows is needed to address turbu-
lence/radiation interactions in fire environments (Kounalakis
et al., 1991). In particular, the response of radiation to tur-
bulent fluctuations is affected by the moments, probability
density functions, and temporal and spatial correlations of
scalar property fluctuations. In turn, scalar property fluctua-
tions can be represented by mixture fraction (defined as the
mass fraction of source fluid) fluctuations, using state rela-
tionships found from conserved-scalar concepts for both non-
reactive and flame environments (Bilger, 1976; Sivathanu and
Faeth, 1990). Thus, the objective of the present investigation
was to measure mixture fraction statistics in round buoyant
turbulent plumes in still environments. In order to simplify
interpretation of the results, the experiments emphasized fully
developed buoyant turbulent plumes, where effects of the
source have been lost and both mean and fluctuating properties
become self-preserving (Tennekes and Lumley, 1972).

The discussion of previous studies will be brief because sev-
eral reviews of turbulent plumes have appeared recently
{(Kotsovinos, 1985; List, 1982; Papanicolaou and List, 1987,
1988). The earliest work concentrated on the scaling of flow
properties within fully developed turbulent plumes (Rouse et
al., 1952; Morton, 1959; Morton et al., 1956). Measurements
of mean properties within plumes generally have satisfied the
resulting scaling relationships; however, there are considerable
differences among various determinations of centerline values,
radial profiles, and flow widths (Abraham, 1960; George et
al., 1977; Kotsovinos, 1985; List, 1982; Ogino et al., 1980;
Peterson and Bayazitoglu, 1992; Shabbir and George, 1992;
Rouse et al., 1952; Zimin and Frik, 1977). Aside from problems
of experimental methods in some instances, List (1982) and
Papanicolaou and List (1987, 1988) attribute these differences
to problems of reaching fully developed plume conditions.

Two parameters are helpful for estimating when turbulent
plumes become self-preserving. The first of these is the distance
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from the virtual origin normalized by the source diameter,
(x—x,)/d. Based on results for nonbuoyant round turbulent
jets, values of (x—x,)/d greater than ca. 40 and 100 should
be required for self-preserving profiles of mean and fluctuating
properties, respectively (Tennekes and Lumley, 1972). By these
measures, all past measurements over the cross section of
plumes, which invariably used buoyant jets for the plume
source, probably involve transitional plumes, e.g., they gen-
erally are limited to (x—x,)/d <62, aside from some limited
measurements in liquids by Papantoniou and List (1989). The
main reason for not reaching large values of (x—x,)/d for
plumes, similar to jets, is that scalar properties decay much
faster for plumes, e.g., proportional to (x—xo)’S/3 for plumes
rather than (x—x,) ' for jets. Thus, it is difficult to maintain
reasonable experimental accuracy far from the source within
the plumes. A contributing factor is that plume velocities are
relatively small in comparison to jets so that controlling room
disturbances far from the source is more difficult for plumes.

The second parameter useful for assessing conditions for
self-preserving buoyant turbulent plumes is the distance from
the virtual origin normalized by the Morton length scale,
{(x - x,)/ . The Morton length scale is defined as follows for
a round plume having uniform properties at the source (Mor-
ton, 1959; List, 1982):

hy=(1/4)"" (i} po =0 )'"* ()

where an absolute value has been used for the density difference
in order to account for both rising and falling plumes. Large
values of (x—x,)/ly are required for buoyancy-induced mo-
mentum to become large in comparison to the source mo-
mentum so that the buoyant features of the flow are dominant.
The ratio of /y to d is proportional to the source Froude
number, defined as follows (List, 1982):

Fr,= (4/1|—)1/4[M/a': (Pm”i/(gbo—pmld))”z @)

The source Froude number quantifies the initial degree of
buoyant behavior of the source, e.g., Fr, = 0 for a purely
buoyant source. Papanicolaou and List (1987, 1988) suggest
that buoyancy-dominated conditions for mean and fluctuating
quantities are reached for (x—x,)/Iu greater than ca. 6 and
14, respectively. A greater proportion of existing data for mean
properties exceed this criterion; however, the effect of tran-
sitional plume behavior (in terms of (x —x,)/d) on these ob-
servations raises questions about the adequacy of this criterion.

Naturally, in instances where reaching self-preserving con-
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ditions for mean properties is questionable, it is likely that
turbulent properties are transitional. Thus, the turbulence
measurements of George et al. (1977) and Shabbir and George
(1992) for x/din the range 8-25, normally would not be thought
to represent self-preserving conditions. The turbulence meas-
urements of Papanicolaou and List (1987, 1988) for x/d in the
range 12-62 probably represent transitional plumes as well with
results at larger distances, x/d, of 20-62, subject to additional
uncertainties due to systematic instrument errors (Papanico-
laou and List, 1988). In contrast, the measurements of Pa-
pantoniou and List (1989) were carried out at x/d = 105,
which should be within the self-preserving region; however,
unusually large concentation fluctuations were observed, which
they attribute to the large Schmidt numbers of the liquid plumes
used in these tests, i.e., molecular mixing was inhibited at small
scales that still conld be resolved by their instrument system.
Thus, the relevance of the Papantoniou and List (1988) tur-
bulence measurements to gaseous plumes of interest for ra-
diation processes in flame environments is questionable.

The preceding discussion suggests that existing measure-
ments of mean and fluctuating properties within plumes prob-
ably involve either transitional plumes or liquid plumes
exhibiting large Schmidt number effects that are not typical
of gases. Thus, the objective of the present investigation was
to complete measurements of the mean and fluctuating mixture
fraction properties of buoyant turbulent plumes in gases, em-
phasizing conditions within the self-preserving turbulent plume
region where the specific features of the source have been lost.
The mixture fraction properties considered included mean and
fluctuating values, probability density functions, temporal
power spectra, radial spatial correlations, and temporal and
spatial integral scales. The experiments involved source flows
of carbon dioxide and sulfur hexafluoride in still air at at-
mospheric pressure and temperature, in order to provide a
straightforward specification of the buoyancy flux within the
test plumes. This approach yielded downward-flowing, neg-
atively buoyant plumes. Measurements of mixture fraction
properties were undertaken using laser-induced iodine flu-
orescene (LIF).

Experimental Methods

Test Apparatus. A sketch of the experimental apparatus
is shown in Fig. 1. In order to minimize room disturbances
and contamination of adjacent areas by iodine vapor, the
plumes were observed in a double enclosure contained within
a large, high-bay test area. The outer enclosure
(3000 % 3000 x 3400 mm high) had plastic side walls with a
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Fig. 1 Sketch of the buoyant turbulent plume apparatus

screen across the top for air inflow in order to compensate for
removal of air entrained by the plume. The plume itself was
within a smaller enclosure (1100 x 1100 x 3200 mm high) with
plastic screen walls (square pattern, 630 wires/m with a wire
diameter of 0.25 mm). The small enclosure was mounted on
linear bearings and could be traversed in one direction using
a stepping motor driven linear positioner (5 pm positioning
accuracy) in order to accommodate rigidly mounted instru-
mentation. The plume flow was removed through 300-mm-dia
ducts that were mounted on the floor at the four corners of
the outer enclosure. The exhaust flow was controlled by a
bypass/damper system in order to match plume entrainment
rates and to minimize flow disturbances. All components that
might contact iodine vapor were plastic, painted, or sealed in
plastic wrap, in order to prevent corrosion.

The plume sources consisted of rigid plastic tubes having
inside diameters of 6.4 and 9.7 mm with flow straighteners at

a, b = parameters in the Frenkiel function
d = source diameter
E/(n) = temporal power spectral density of f
f = mixture fraction _
F(r/(x—x,)) = scaled radial distribution of f in self-pre-
serving region
Fr, = source Froude number, Eq. (2)
g = acceleration of gravity
k; = plume width coefficient, Eq. (8)
I. = characteristic plume radius
I, = characteristic plume radius based on mean
mixture fraction
Iy = Morton length scale, Eq. (1)
n = frequency
PDF(f) = probability density function of mixture

fraction
r = radial distance
Re, = characteristic plume Reynolds number
=U /v
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Re, = source Reynolds number = w,d/v,
u = streamwise velocity
x = streamwise distance
Ar = radial distance increment
A;, = radial spatial integral scale of mixture
fraction fluctuations

vy = Kinematic viscosity
= density
7, = temporal integral scale of mixture fraction
fluctuations
Subscripts
¢ = centerline value
o = initial value or virtual origin location
o = ambient value
Superscripts
(T ) = time-averaged mean value
(T7)" = root-mean-squared fluctuating value
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the inlet and length-to-diameter ratios of 50:1. The outside
surface of the tubing exit was chamfered at an angle of 30 deg
to reduce the separation disturbances of the plume-entrained
flow. The source could be traversed in the vertical direction
(0.25 mm positioning accuracy) to allow measurements at dif-
ferent streamwise positions. The source flnws were either car-
bon dioxide or sulfur hexafluoride, stored under pressure in
commercial cylinders. Gas flow rates were controlled and
measured using pressure regulators in conjunction with critical
flow orifices. All flow rates were calibrated using wet test
meters. After metering and adding iodine vapor, the flow passed
through a flexible plastic tube having a length-to-diameter ratio
of 800 in order to obtain a uniform composition at the source
exit.

The flow was seeded with iodine vapor by passing a portion
of it though a bed of iodine crystals (bed diameter and depth
of 100 x 200 mm). The bed operated at room temperature and
the flow was saturated with iodine at the exit of the bed;
therefore, the concentration of iodine vapor varied with changes
of room temperature. Thus, the LIF signal was monitored with
the fraction of flow entering the iodine bed periodically ad-
justed to control signal levels. The iodine crystals were reagent
grade, with initial flake shapes having diameters of 2-8 mm
and thicknesses of 0.5 mm.

Instrumentation. Mixture fractions were measured using
LIF, similar to earlier studies of wall plumes in this laboratory
(Lai and Faeth, 1987). The LIF signal was produced by the
unfocused beam (beam diameter at the e ? points of 1.5 mm)
of an argon-ion laser having an optical power of roughly 1800
mW at the green (514.5 nm) line. This wavelength is absorbed
by iodine and causes it to fluoresce at longer wavelengths in
the visible yellow portion of the spectrum (Hiller and Hanson,
1990). The laser beam was horizontal and intersected the plume
axis at roughly 1500 mm above the floor of the enclosure. The
operation of the laser beam was monitored using two laser
power meters: one measuring laser power before crossing the
flow to detect laser power variations, the other measuring laser
power after passing through the flow in order to correct the
laser beam power at the measuring locations for absorption
by iodine vapor.

The fluorescence signals were measured using two detectors
(Hamamatsu R269), one mounted rigidly and the other trav-
ersable along the laser beam to provide measurements of two-
point spatial correlations. Since the plume source could be
traversed horizontally and vertically, all points in the flow
could be addressed for two-point measurements. The fluores-
cence signals were observed at right angles to the laser beam
with f4.1 collecting lenses having diameters of 80 mm. The
apertures of the detectors were selected to give measuring vol-
umes having diameters of 1 mm with lengths of 1.5 mm set
by the laser beam diameter. The LIF signal was separated from
light scattered at the laser line using long-pass optical filters
(cut-off wavelengths of 520 nm). The detector outputs were
amplified and then low-pass filtered to control alias signals
using sixth-order Chebychev filters having break frequencies
of 500 Hz. The signals were then sampled using an a/d con-
verter and transferred to a computer for processing and stor-
age. The detector signals were monitored using a digital
oscilloscope as well.

Both the absorption and the LIF signals were calibrated
based on measurements across the source exit, by mixing the
source flow with air to vary the mixture fraction. These tests
showed that fluctuations of iodine seeding levels were less than
1 percent, The LIF signal was not saturated for present con-
ditions and varied linearly with laser power. The LIF signals
also varied linearly with the number of iodine molecules present
per unit volume (i.e., with the partial density of iodine) while
reabsorption of scattered lightawas small (less than 10 percent).
Thus, the relationship between the LIF signal level and the
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Table 1 Summary of test conditions®

Source Properties CO,p SFg
Density (kg/m3) 1.75 5.87
Kinematic viscosity (mm?/s) 85 2.6
Diameter (mm) 9.7 6.4
Average velocity (mvs) 1.74 1.89
Reynolds number 2000 4600
Froude number 7.80 3.75
Morton length scale, §,,/d 7.34 3.53
Vinual origin, xo/d 12.7 0.0

*Flow directed vertically downward in still air with an ambient pressure, temperature,
density and kinematic viscosity of 99 £ 0.5 kPa, 297 £ 0.5K, 1.16 kg/m3 and 14.8
mm?/s. Source passage length-to-diameter ratios of 50:1.

mixture fraction for signal processing was obtained from the
state relationship for an ideal gas mixture. This relationship
was nearly linear for the carbon dioxide source flow due to
modest density variations but had significant nonlinearities for
the sulfur hexafluoride source flow where the density variation
was substantial. These calibrations were checked periodically
by diverting the source flow through a plastic tube whose exit
was mounted temporarily just above the measurement loca-
tion. Final processing of the signals accounted for both ab-
sorption of the laser beam by iodine vapor and laser beam
power variations.

Differential diffusion between the source gas (carbon dioxide
or sulfur hexafluoride) and the iodine vapor can be a significant
source of error for LIF measurements. Effects of differential
diffusion were evaluated analogous to the approach described
by Starner and Bilger (1983), noting that the binary diffusivities
of carbon dioxide, sulfur hexafluoride, and iodine in air at normal
temperature and pressure are 14.7, 8.6, and 7.7 mm?/s (Bird et
al., 1960). This yielded maximum errors of mean mixture frac-
tions due to differential diffusion for the carbon dioxide and
sulfur hexafluoride plumes less than 2 and 0.2 percent, respec-
tively, with comparable values for mixture fraction fluctuations.
The present measurements corroborated these results, based on
the observation that the source gas had little effect on mixture
fraction properties in the self-preserving region of the flow.

Gradient broadening errors were negligible (less than 1 per-
cent) at the locations where measurements were made. Thus,
signal sampling times were controlled to maintain experimental
uncertainties (95 percent confidence) along the axis at less than
5 percent for mean mixture fractions and 10 percent for mixture
fraction fluctuations, both being repeatable well within these
ranges. These uncertainties were maintained up to r/(x—X,)
= 0.15 but increased at larger radial distances, roughly in-
versely proportional to f.

Test Conditions. The test conditions for the carbon dioxide
and sulfur hexafluoride plumes are summarized in Table 1.
An attempt was made to keep source Froude numbers near
current estimates of asymptotic Froude numbers in order to
enhanced the development of the buoyancy properties of the
flow (George et al., 1977). Additionally, source Reynolds num-
bers were made as large as possible, while satisfying the Froude
number requirement, in order to enhance rates of development
toward self-preserving turbulent plume conditions. Neverthe-
less, the Reynolds number of the carbon dioxide flow was
relatively low, 2000, causing the virtual origin to be displaced
a substantial distance downstream from the source exit. For
(x—x,)/d greater than 87, where self-preserving plumes were
reached, the turbulence microscales of mixture fraction fluc-
tuations (the Batchelor scales) were less than 350 pm. Thus,
although the previously stated experimental uncertainties were
achieved, the spatial resolution of the LIF system was not
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Fig. 2 Mean mixture fractions along the axis

sufficient to resolve the smallest scales of the turbulence within
the self-preserving region of the plumes.

Self-Preserving Scaling

The state relationship for density as a function of mixture
fraction is needed to relate the present measurements to prop-
erties in the self-preserving region. Assuming an ideal gas mix-
ture, the exact state relationship for density becomes:

p=0x/(1-f(1 = px/p,)) (3)

Additionally, far from the source in the self-preserving region,
f<<1, and Eq. (3) can be linearized as follows:

P=Pw+ [l —pu/po), <1 (4)

The measurements involved mean and fluctuating mixture
fraction properties at various streamwise positions. Mean
properties were then scaled in terms of the self-preserving vari-
ables of fully developed turbulent plumes, as follows (List,
1982):

F=@Fr/ 8300/ p)((x = Xo)/d) PR/ (x = x))  (5)

F(r/x—x,)) represents the appropriately scaled radial profile
function of mean mixture fraction, which becomes a universal
function in the self-preserving region far from the source where
Eq. (4) applies. Equation (5) was used to extrapolate meas-
urements of mean mixture fractions along the axis in order to
identify the virtual origin that yielded the best fit of the data.
As noted earlier, the location of the virtual origin is controlled
by source properties like turbulence levels, p,/p», and the
initial Froude numbers; however, it was beyond the scope of
the present investigation to quantitatively study these rela-
tionships.

Finally, although velocity measurements were not made dur-
ing the present study, it was of interest to find characteristic
plume Reynolds numbers, Re.=uJ,/v,. This was done by
adopting the expressions of Rouse et al. (1952) for u, and /.
at self-preserving conditions to yield:

Re.=0.43((x — x,)/Ad Fr )y *u,d/ ve (6)

Results and Discussion

Mean Properties. The variation of mean mixture fractions
along the axis of the two test plumes is illustrated in Fig. 2.

«
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Fig. 3 Development of radial profiles of mean mixture fractions

The measurements are plotted in terms of the variables of Eq.
(5). In addition, lines showing the asymptotic behavior of the
present measurements at small and at large distances from the
source are shown on the plot. The limiting behavior at small
distances , (x —x,)/d<<1, is f. = 1 which the measurements
satisfy by definition. The limit at large distances follows from
Eq. (5) for conditions where f. << 1 and Eq. (4) applies. Then
F(0) = 12.6 independent of source flow properties, based on
the best fit of present measurements, and .~ (x — x,)/d) "~ *.
This latter condition is reached for values of the abscissa of
Fig. 2 greater than 10, which implies (x—x,)/d and (x—x,)/
Iy on the order of 100 and 10, respectively. Within the inter-
mediate region, where the abscissa of Fig. 2 is in the range
0.1-10, results depend on source properties like Re,, Fr,, and
0./ P SO that the differences in this region seen in Fig. 2 for
the two sources are anticipated. Naturally, this implies that
conditions required to reach self-preserving plume behavior
depend on these variables as well.

A more complete picture of the development of transitional
plumes toward self-preserving conditions can be obtained from
the radial profiles of mean mixture fractions for the two sources
illustrated in Fig. 3. In this case, the scaling parameters of Eq.
(5) are used so that the ordinate is equal to F(r/x—x,)). The
measurements are plotted for various streamwise distances with
(x — x,)/d=7. The radial mean mixture fraction profiles show
progressive narrowing, with scaled values at the axis progres-
sively increasing, as the streamwise distance increases. How-
ever, self-preserving conditions are observed for the present
measurements when (x — x,,)/d = 87, which also corresponds to
(x —x,)/lv=12. The subsequent variation of the profiles with
streamwise distance is well within experimental uncertainties
over the range that was achieved during the present experi-
ments: 87 <(x—x,)/d=<151 and 12=<(x—x,)/lm=<43. This re-
gime corresponds to characteristic plume Reynolds numbers
of 2500-4200, which are reasonably high for unconfined tur-
bulent flows. For example, this range is comparable to the
highest characteristic wake Reynolds numbers where meas-
urements of turbulent wake properties have been reported,
while turbulent wakes exhibit self-preserving turbulence prop-
erties at characteristic wake Reynolds numbers as low as 70
(Wu and Faeth, 1993). The actual streamwise distance required
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Table 2 Summary of self-preserving turbulent plume properties®

Source Medium  (x-Xold (xxo) Ry K’ R /(xx0) F(0) (£1h
Present study gaseous 87-151 12-43 125 0.09 12.6 0.45
Papantoniou and
List (1989) liquid 105 24,33 0.08-0.09 0.64
Papanicolaou and
List (1988) liquid 22-62 9-62 80 0.11 143 0.40
Papanicolaou and
List (1987) liquid 12-20 >5 80 0.11 11.1 0.40
Shabbir and George (1992)  gascous 106-25 6-15 68 0.12 9.4 0.40
George et al. (1977) gaseous 8-16 612 65 0.12 9.1 0.40
*Round turbulent plumes in still, unstratified envi Range of 3 are for conditions where quoted self-
preserving propertics were found from measurements over the cross section of the plumes. Entries are ordered in terms of
decreasing k.

1o reach self-preserving conditions for mean mixture fractions,
however, is likely to vary with source properties. For example,
larger values of p,/p. and lower source Reynolds numbers
tend to retard development toward self-preserving conditions,
based on present findings during preliminary tests, while larger
source Froude numbers require larger values of (x —x,)/d in
order to achieve values of (x—x,)//l\y where buoyancy domi-
nates flow properties.

Within the self-preserving region, present radial profiles of
mean mixture fractions are reasonably approximated by a
Gaussian fit, similar to past work (Rouse et al., 1952; George
et al., 1977; List, 1982; Papanicolaou and List, 1987, 1988;
Shabbir and George, 1992) as follows:

Fir/(x—x,)) = FlO)exp{ — ki(r/(x —x,))’} (7
where
ke=(x—x,)/1y (8)

Thus, /; represents the characteristic plume radius where 7/

f.=e ' The best fit of the present data in the self-preserving
region yielded F(0) = 12.6 and kf = 125. This yielded the
correlation illustrated in Fig. 3, which is seen to be a good
representation of the measurements in the self-preserving re-
gion, i.e., (x—x,)/d=87 and (x—-x,)/Im=12. This yields a
value of /;/(x — x,) of roughly 0.09, which is in good agreement
with the values of 0.08-0.09 found by Papantoniou and List
(1989) for measurements at large distances from the source,
(x—x,)/d= 105 and (x - x,)/ly of 24 and 33.

The present values of normalized streamwise distance re-
quired to reach self-preserving conditions within round buoy-
ant turbulent plumes are similar to past observations for round
turbulent jets (Hinze, 1975; Tennekes and Lumley, 1972); how-
ever, they are substantially larger than streamwise distances
reached during past measurements of the self-preserving prop-
erties of turbulent plumes usir g buoyant jet sources, aside from
the study of Papantoniou and List (1989). This behavior is
quantified in Table 2, where the range of streamwise distances
considered for measurements of radial profiles of self-pre-
serving plume properties, and the corresponding reported val-

ues of k}, Iy/(x—Xx,), and F(0) are summarized for represent-
ative recent studies and associated earlier work from the same
laboratories. Past measurements generally satisfy the criterion
for buoyancy-dominated flow, i.e., (x —x,)/h>6 (Papani-
colaou and List, 1987, 1988). Aside from the measurements
of Papantoniou and List (1989) and the present study, however,
the other results were obtained at values of {(x—x,)/d that
normally are not associated with self-preserving conditions for
jetlike sources. Somewhat like the tendency for transitional
plume conditions to have broader profiles than the self-pre-
serving regime in Fig. 3, the values of k} tend to increase
progressively as the maximum streamwise position is in-
creased—almost doubling over the range of conditions given
in Table 2. This yields a corresponding reduction of charac-
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teristic plume radius of 30 percent, and an increase of the
scaled mean mixture fraction at the axis of 30 percent, when
approaching self-preserving conditions over the range consid-
ered in Table 2 (ignoring the unusually large value of F(0)
reported by Papanicolaou and List (1988), which is thought
to be due to a systematic instrument error, as noted earlier).
Discrepancies between transitional and self-preserving plumes
of this magnitude have a considerable impact on the empirical
parameters obtained by fitting turbulence models to measure-
ments. For example, Pivovarov et al. (1992) suggest that the
standard set of constants used in empirical turbulence models
is inadequate based on the assumption of self-preserving plumes
in conjunction with past measurements for transitional plumes;
however, their predictions using standard constants are in fair
agreement with the present measurements of self-preserving
plume properties under the same assumptions.

Root-Mean-Square Fluctuations. Radial profiles of mix-
ture fraction fluctuations at various streamwise distances are
plotted in Fig. 4 for the two sources. Near the source, the
profiles are rather broad and exhibit a dip as the axis is ap-
proached, much like the behavior of nonbuoyant jets (Becker
et al., 1967; Papanicolaou and List, 1987, 1988). The profiles
evolve, however, with both the width and the magnitude of
the dip near the axis gradually decreasing as the streamwise
distance is increased. Eventually, self-preserving behavior is
reached at conditions similar to the self-preserving conditions
for mean mixture fractions in Fig. 3, e.g., (x—x,)/d=87 and
(x — x,)/Iy=12. This behavior is not surprising because self-
preserving conditions for mean properties are a generally nec-
essary condition for self-preserving conditions for turbulence
properties (Tennekes and Lumley, 1972). Within the self-pre-
serving region, present measurements can be correlated rea-
sonably well by the following empirical relationship:

7' /F-=0.45 exp(—40(r/(x — x,))) )
Analogous to mean mixture fractions, the measurements of
rms mixture fraction fluctuations of Papanicolaou and List
(1987, 1988), Shabbir and George (1992), and George et al.
(1977) are similar to transitional plumes in the latter stages of
development. Thus, although these profiles do not exhibit a
dip near the axis, they are broader in terms of r/(x — x,) than
the present measurements in the self-preserving region. Ad-
ditionally, Papanicolaou and List (1987, 1988), Shabbir and
George (1992), and George et al. (1977) find (f'/f). = 0.40,
rather than 0.45 for the present measurements, as summarized
in Table 2. On the other hand, Papantoniou and List (1989)
measure (f'/f). of roughly 0.64 at conditions that should be
within the self-preserving region; however, as discussed earlier,
this large value probably is caused by the large Schmidt number
of their liquid plumes, which inhibits small-scale mixing in
comparison to plumes in gases.

The gradual disappearance of the dip in mixture fraction
fluctuations is an interesting feature of the results illustrated
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Fig. 4 Development of radial profiles of rms mixture fraction fluctua-
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in Fig. 4. The development of the flow from source conditions,
where mixture fraction fluctuations are less than 1 percent, is
certainly a factor in this behavior. However, the gradual dis-
appearance of nonbuoyant dynamics as (x — x,)//y becomes
large also is a factor. In particular, nonbuoyant jets have
reduced mixture fraction fluctuations near the axis because
turbulence production is small in this region in view of sym-
metry requirements (Becker et al., 1967; Papanicolaou and
List, 1987, 1988). In contrast, effects of buoyancy provide
turbulence production near the axis for plumes in spite of
symmetry due to buoyant instability in the streamwise direc-
tion, i.e., the density approaches the ambient density in the
streamwise direction. This added turbulence production ac-
counts for increased mixture fraction fluctuation levels near
the axis of plumes in comparison to jets in the self-preserving
region, i.e., (f' /f). ca. 0.45 for plumes in comparsion to 0.15-
0.18 for jets (Papanicolaou and List, 1987). Even maximum
values of f'/f. in jets, ca. 0.25 at an r/(x—x,) of roughly 0.1,
are substantially less than the maximum plume values (Pa-
panicolaou and List, 1987). Thus, the contribution of buoy-
ancy to turbulence is appreciable, with the large mixture fraction
fluctuations of turbulent self-preserving plumes helping to ex-
plain the large radiation fluctuation levels observed in the
plumes above buoyant turbulent diffusion flames (Kounalakis
et al., 1991),

Probability Density Functions. Mean and fluctuating ve-
locities are reasonably descriptive because the probability den-
sity functions of velocities in turbulent flows generally are well
represented by a Gaussian distribution function that only has
two moments. This is not the case for the probability density
functions of mixture fracture, however, because the mixture
fraction is limited to the finite range 0-1 by definition, so that
finite range distribution functions must be used, e.g., the
clipped-Gaussian function or the algebraically more convenient
beta function; see Lockwood and Naguib (1975) for the prop-
erties of these two distributions. Thus, some typical probability
density functions from present measurements are plotted along
with these distribution in Fig. 5. Both distributions are defined
by two moments; thus, the predicated distributions are based
on the measured values of fand f* at each location considered.

414/ Vol. 116, MAY 1994

280 240 200 '60 120 80 SFg: (x-x,)/d =15l
400 r r F T -
B FUNCTION
p
ws0b F L F + L CLIPPED-GAUSSIAN
DATA (TYP)
00
-
320 | FF oo
5 0.10
P /
N
. ,0.023
200 b H
010
160 | - ; 0.050
oy 010
e
a
R i ,0.076
010
0.102
80 R |
0.10
w0 U . ,0.128
0.10
g r/{x-xo) = 0.154
0 - L L J I J
0.0 0.05 0.10 015 1.00

f

Fig.5 Typical probability density functions of mixture fractions at self-
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The measured probability density functions illustrated in
Fig. 5 are qualitatively similar to earlier measurements for
flames, plumes, and jets (Kounalakis et al., 1991; Papanico-
laou and List, 1987, 1988; Becker et al., 1967). At the axis,
the probability density function is nearly Gaussian, although
it still has a small spike at f = 0 representing some period
when unmixed ambient fluid reaches the axis. With increasing
radial distance, the spike at /' = 0 increases and eventually
dominates the distribution as the edge of the plume is ap-
proached. There is little to choose between representing the
probability density functions by either clipped-Gaussian or
beta functions although the ease of use of the beta function
is helpful for reducing computation times during simulations
(Lockwood and Naguib, 1975).

Temporal Power Spectral Densities. Temporal correla-
tions, or temporal power spectral densities, which are their
Fourier transform (Hinze, 1975; Tennekes and Lumiey, 1972),
must be known in order to simulate the temporal aspects of
radiation fluctuations (Kounalakis et al., 1991). Some typical
measurements of temporal power spectra for the sulfur hex-
afluoride plumes are illustrated in Fig. 6; results for the carbon
dioxide plumes were similar. Specira are plotted for {(x - x,)/
d in the range 25-151, considering radial positions over the
full width of the flow at each streamwise position. The tem-
poral spectra are relatively independent of radial position at
at particular streamwise location. Similarly, the low-frequency
portion of the spectra is relatively independent of sireamwise
distance when normalized in the manner of Fig. 6. However,
there are systematic variations in the decaying portion of the
spectra with streamwise distance that will be discussed next.
Spectra of transitional plumes reported by Papanicolaou and
List (1987, 1988) are qualitatively quite similar to the results
illustrated in Fig. 6.

The decay of the spectra with increasing frequency is an
interesting feature of the results illustrated in Fig. 6. The spec-
tra initially decay according to the —5/3 power of frequency.
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Fig. 6 Typical temporal power spectral densities of mixture fraction
fluctuations: SF; source

analogous to the well-known inertial region of the turbulence
spectrum of velocity fluctuations which has been called the
intertial-convective region for scalar property fluctuations
(Tennekes and Lumley, 1972). Within this region, mixture
fraction fluctuations simply are convected and effects of mo-
lecular diffusitivies are small. This is followed by a region
where the spectrum decays more rapidly, yielding a slope of
roughly —3, that has been observed during several investi-
gations of highly buoyant flows with molecular Prandtl/
Schmidt numbers in the range 0.7-7, but not in nonbuoyant
flows (Mizushima et al, 1979; Papanicolaou and List, 1987,
1988). Papanicolaou and List (1987) argue that this portion
of the spectrum agrees with the behavior expected for the
inertial-diffusive subrange, where the variation of the local
rate of dissipation of mixture fraction fluctuations in buoyant
flows is due to buoyancy-generated inertial forces rather than
viscous forces. An effect of this type is plausible due to the
progressive increase of the span of the inertial range as (x — x,)/
d increases, e.g., the intersections of the — 5/3 and — 3 regions
of the spectra occur at roughly nr; = 0.4, 0.8, 1.5, and 2.0
for (x-x,)/d = 25, 50,99, and 151, respectively. This behavior
is analogous to the anticipated reductions of microscales with
increasing streamwise distance, which suggests a diffusive ef-
fect. However, understanding of the behavior of the spectra
of buoyant turbulent flows in this region is very limited and
clearly merits additional study. At higher frequencies, the mix-
ture fraction microscale should be approached where the spec-
trum becomes small; unfortunately, existing measurements
have had neither the spatial nor the temporal resolution needed
to resolve this region.

Radial Spatial Correlations. Spatial correlations also must
be known in order to simulate aspects of radiation fluctuations,
due to effects of optical path lengths on radiation intensities
(Kounalakis et al., 1991). Spatial correlations also are impor-
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tant fundamental properties of turbulence that have received
significant attention in the past (Hinze, 1975; Tennekes and
Lumley, 1972). Study of these properties was begun during
the present investigation by measuring radial spatial correla-
tions, which largely control radiation fluctuations in boundary
layer flows, like plumes (Kounalakis et al., 1991).

The general properties of spatial correlations in turbulent
shear flows vary depending on whether the two points con-
sidered are on the same or on opposites sides of planes or lines
of symmetry. This orientation will be indicated for the present
radial correlations by a coordinate system along the radial
direction extending from - oo to o with Ar always greater
than zero and the left-most position denoting the position of
the correlation. Thus, r<0 implies that both points are on the
same side of the axis for Ar<Ir| and on the opposite side
thereafter. If r>0, then both points are always on the same
side of the axis. Finally, Corrsin and Uberoi (1950) introduced
symmetric lateral spatial correlations for jets, where the two
points are spaced equally on either side of the axis (at — Ar/
2 and Ar/2), thus, there is only one correlation of this type at
each streamwise position.

The present measurements of two-point radial and sym-
metric correlations are illustrated in Fig. 7. These results are
for carbon dioxide plumes at (x—x,)/d = 87, which is within
the self-preserving region. Other measurements within the self-
preserving region were similar. The measurements are pre-
sented in two groups, with results for r>0 at the top, and
results for <0 and symmetric correlations at the bottom. The
distance increment is normalized by Asc; however, A is rel-
atively constant over the range of the measurements. The re-
sults for >0 in Fig. 7 exhibit an exponential decay; however,
this is an artifact of experimental limitations, e.g., the region
near Ar = 0 should have a nonexponential (quadratic) behavior
in terms of Ar as the microscale limit is approached (Becker
et al., 1967; Hinze, 1975; Tennekes and Lumley, 1972). This
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is not seen in Fig. 7 because the present spatial resolution was
not adequate to resolve the smallest scales. In terms of Ar/
Ay the exponential fit of the radial spatial resolution was not
adequate to resolve the smallest scales. In terms of Ar/Aj. the
exponential fit of the radial spatial correction is quite simple:

TR r+An 7 70 f (r+An=exp(- Ar/An)  (10)

where it should be understood that Ar>0 as defined earlier.
The results in Fig. 7 show that Eq. (10) provides a good fit of
the measurements whenever both points of the correlation are
on the same side of the axis, e.g., r>0 or Ar<|Ir! when r <
0. This approximation is effective because Ay, is relatively con-
stant over the range of the measurements, as noted earlier.
Notably, a radial spatial correlation at the plume axis in the
self-preserving region, reported by Papantoniou and List
(1989), has essentially the same shape as Eq. (10).

The symmetric spatial correlation provides the other limiting
behavior of the radial spatial correlations seen in Fig. 7. These
correlations exhibit a Frenkiel function shape as follows: sim-
ilar to the exponential fit at small Ar; crossing to a region of
negative correlations at Ar/Ay. = 2.1, which corresponds to
Ar/(x—x,) = 0.07; reaching a maximum negative value of
—0.1 near Ar/Ag;. = 4, which corresponds to Ar/(x—x,) =
0.13; and finally decaying from the negative side toward zero
as Ar/Ag. becomes large. This behavior can be represented by
the following empirical fit:

L @Ar/Df (-Ar/2) 7 f(Ar/2)?
=(1-0.11Ar/ AsPVexp(— Ar/AL)  (11)

The present behavior is qualitatively similar to symmetric cor-
relations observed in nonbuoyant jets, except that the negative
correlation region is reached sooner in jets, Ar/(x—Xx,) in the
range 0.04-0.06, and the maximum negative correlation is larger
in jets, in the range —0.10 to —0.18 (Corrsin and Uberoi,
1950; Becker et al., 1967).

The Frenkiel function behavior of the symmetric correlation
is probably caused by the requirement for conservation of
scalar flux. In particular, fluctuations of one sign must be
compensated by fluctuations of the other sign on opposite sides
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Fig.8 Radial distributions of temporal and radial spatial integral scales
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of the axis so that the mixture fraction flux is preserved as a
whole. Similar behavior is well known for the lateral spatial
correlations of velocity fluctuations in isotropic turbulence due
to conservation of mass requirement (Hinze, 1975). The rather
slow final decay of the negative portion of the symmetric
correlation, in comparison to the exponential decay for r>0,
also tends to support a large-scale requirement of this type.
Unfortunately, interpreting the Frenkiel function shape of the
symmetric correlation will require information about velocities
(or scalar fluxes) that currently is not available.

The measured spatial correlations for negative r in Fig. 7
generally are intermediate between the exponential and Fren-
kiel function limits. Naturally, the exponential correlation is
retrieved exactly when Ar<|Irl and both points are on the
same side of the axis. On the other hand, when Ar=21Irl for
r < 0, the symmetric correlation is retrieved. Not surprisingly,
other values of Ar generally represent an interpolation between
these two limits. Most of the complexities of radial spatial
correlations however, involve relatively small values of the
correlations, which should not have a large effect on radiation
fluctuations.

Integral Scales. The properties of the temporal power spec-
tra and radial spatial correlations are completed by the cor-
responding temporal and spatial integral scales. Present
measurements of the integral scales are plotted as a function
of radial distance in Fig. 8 for both sources. The measurements
extend into the self-preserving region, 25 < (x~x,)/d=<151;
however, effects of streamwise distance are relatively small
when plotted in the manner of Fig. 8.

The temporal integral scales at the top of Fig. 8 have been
plotted by adopting Taylor’s hypothesis for the relationship
between spatial and temporal integral scales. Then the temporal
integral scales have been normalized using self-preserving tur-
bulent plume scaling relationships, i.e., length scales are pro-
portional to (x — x,) and the velocity scales of the self-preserving
region (Rouse et al., 1952; List, 1982). This approach seems
robust and provides a good correlation of the temporal integral
scales over the range of the present measurements. The results
show a progressive increase of 7, with radial distance. This
follows from Taylor’s hypothesis because spatial integral scales
are relatively independent of radial position (see the lower part
of Fig. 8) while streamwise mean velocities decrease as the
edges of the plumes are approached.

The radial spatial integral scales for the plumes in the present
self-preserving region, (x — x,)/d=87, are plotted in the lower
part of Fig. 8. These integral scales were found from the cor-
relations for positive values of r, as discussed previously. They
have been normalized by (x — x,) to indicate scaling in the self-
preserving region, similar to the temporal integral scales. The
results indicate relatively little variation of A, for r/
(x—x,)<0.15, followed by a reduction toward zero at large
radial distances. This behavior follows from the intermittency
of the flow at larger radial distances where the dimensions of
turbulent fluid having mixture fractions greater than zero must
decrease progressively. Present measurements yield A,/ (x — x,)
= 0.033 near the axis (7/(x—x,)<0.09) within the self-pre-
serving region ((x — x,)/d=87). In contrast, Papantoniou and
List (1989) report somewhat scattered and consistently lower
values of A,/(x—x,) at comparable streamwise distances, in
the range 0.011-0.022 for r/(x — x,) <0.044. The large Schmidt
numbers of the liquid plumes considered by Papantoniou and
List (1989) may be responsible for the differences between the
two studies because this allows larger amounts of unmixed
fluid to penetrate the flow than in gaseous plumes. Thus, large
Schmidt numbers would tend to reduce spatial correlations.
while increasing concentration fluctutaions as discussed earlier.

Conclusions

Mixture fraction statistics were measured in round buovant
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turbulent plumes in still air. The test conditions involved buoy-
ant jet sources of carbon dioxide and sulfur hexafluoride to
give p,/ps of 1.51 and 5.06 and source Froude numbers of
7.80 and 3.75, respectively, with (x — x,)/d in the range 0-151
and (x—x,)/ly in the range 0-43. The major conclusions are
as follows:

1 The present measurements, supported by earlier findings
of Papanicolaou and List (1989) for similar conditions, yielded
distributions of mean mixture fractions in self-preserving
plumes that were up to 30 percent narrower, with scaled values
at the axis up to 30 percent larger, than other results found
using buoyant jet sources in the literature, e.g., Papanicolaou
and List (1987, 1988), Shabbir and George (1992), George et
al. (1977), and Rouse et al. (1952), among others. Based on
the observation that the earlier results were similar to behavior
within the transitional plume region during the present study,
it appears that the earlier results were not obtained at sufficient
distances from the source to reach self-preserving conditions.
In particular, self-preserving conditions were reached for
(x — x,)/d =87 during the present measurements and those of
Papantoniou and List (1989), while the earlier measurements,
for comparable source Froude numbers, involved (x—x,)/
d=62. Naturally, distances from the source to reach self-pre-
serving conditions depend on source properties like Re,, Fr,
and p,/ p, and may be much shorter for purely buoyant sources
(Kotsovinos, 1985); quantifying these effects merits additional
study.

2 Radial profiles of mixture fraction fluctuations in the
self-preserving region for plumes do not exhibit reduced values
near the axis similar to jets. Instead, effects of buoyancy cause
mixture fraction fluctuations to be maximum at the axis with
intensities of roughly 45 percent. These large intensities prob-
ably are responsible for the large radiation fluctuation levels
observed in the near-overfire region of fires.

3 Probability density functions of mixture fractions can
be approximated reasonably well by either clipped-Gaussian
or beta functions. Unlike nonbuoyant turbulent jets, finite
levels of intermittency are observed at the axis within the self-
preserving region of turbulent plumes.

4 The low-frequency portion of the temporal spectra of
mixture fraction fluctuations is a robust property of plumes,
which scale in a relatively universal manner even in the tran-
sitional plume region. The spectra exhibit the well-known -5/
3 power inertial decay region followed by a — 3 power inertial-
diffusive region. The latter region has been observed by others
in buoyant flows but is not observed in nonbuoyant flows;
thus, it is an interesting buoyancy/turbulence interaction that
merits further study.

5 Radial spatial correlations were limited by correlations
where both points were on the same side of the axis, which
exhibited an exponential decay, and symmetric correlations,
which approximated a Frenkiel function. This behavior prob-
ably follows from conservation of scalar flux considerations,
but more measurements and study are required to understand
the phenomena controlling spatial correlations. Behavior near
microscales was not addressed during the present study due to
the limited spatial resolution of the measurements.

6 Integral scales behaved as anticipated and provisional
scaling relationships have been proposed that merit additional
study. Temporal integral scales were smallest at the axis, which
follows from Taylor’s hypothesis noting than mean velocities
are largest in this region. Radial spatial integral scales were
largest at the axis, which follows from the topography of the
flow, i.e., the streamwise extent of particular sections of par-
tially mixed turbulent fluid must decrease as the intermittency
increases toward the edge of the flow.
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